Spatial information about soils generally results from local observations which are destructive and time consuming. Geophysical techniques could help soil mapping since they are non-destructive and fast. Electrical resistivity is interesting for soil studies due to a wide range of values and as it depends on soil characteristics. This work aims to study soil spatial variability using electrical resistivity. GPS defined grid points of 40X40 m were installed in the experimental western farm (EWF) in the Faculty of Agriculture of Cairo University in Giza. Electrical resistivity was measured at 40 points using 4-electrodes Wenner array in a line perpendicular to the path direction. Soil resistivity data from 2depths profiling mode was considered to produce two apparent resistivity maps and geostatistically tested. Soil resistivity taxa were sampled and analyzed for soil moisture, EC and bulk density. Krigged soil resistivity maps were produced for depths (i.e. 30 and 60 cm). Kriging and Semivariogram interpretation was conducted, and the spatial dependency of top and subsoil resistivity were moderate (48.4% and 68.6% respectively). Highly significant negative correlations were recorded in the topsoil between apparent or true resistivity and soil moisture, EC or bulk density. The obtained models were used to produce conjugated moisture and EC maps and geostatistically investigated. The spatial dependency of the top and subsoil moisture or salinity were moderate. Soil moisture and EC are the most significant factors for controlling soil electrical resistivity. The method used opens the way to the development of semi-automatic soil mapping from electrical resistivity data.
Introduction
Because the huge number of soil sampling and laboratory analysis work required in ordinary survey methods cause waste of time and money, alternative methods to investigate spatial variability of soil properties are desirable. Soil electrical resistivity could be considered as a proxy for the spatial and temporal variability of soil physical and chemical properties (i.e. soil structure, water content, salinity or fluid composition). This non-destructive and sensitive method is a unique tool for assessing the soil subsurface properties without digging (Samouëlian et al., 2005) . The electrical resistivity method was applied in different studies such as: groundwater exploration, landfill delineation and solute transfer, agronomical management of soil compaction or soil and water table depths and also soil moisture status assessment. The electrical resistivity surveys, depending on the soil variability, can be made in 1-, 2-or 3-dimensions and also at different resolutions from small to regional scales. Soil electrical resistivity (ER) is increasingly used in near-surface soil applications because it is related to many soil characteristics and electrical survey information; it therefore, represents a rapid and flexible tool to predict spatial soil variability at the field or local scale (Panissod et al., 1998; Lund et al. 1999; Dabas et al., 2001) . The soil bulk electrical resistivity technique offers the following advantages: (i) widely used to characterize soil physical and chemical properties, (ii) ER measurements can be taken quickly, (iii) low cost, (iv) two people can cover a large area, (v) monitoring of soil variability, (vi) exploring soil subsurface without digging and (vii) minimizing the number of soil samples. Soil bulk resistivity depends on multiple variables including soil texture and structure, porosity, soil moisture content (Besson et al., 2010) , pore water salinity, temperature and sometimes the presence of root biomass. Several studies have been performed using this technique, with the aim of delineating field zones for managing specific crops in the context of digital agriculture (Heiniger et al., 2003; Kitchen et al., 2003; Corwin et al., 2006) , mapping soil texture (Jung et al., 2005; McCutcheon et al., 2006) and describing the soil structure of different soil horizons (Tabbagh et al., 2000) and soil salinity variability (Rhoades, 1993; Omonode and Vyn, 2006) . The objectives of the present study were to: (i) survey the electrical resistivity of an alluvial soil farm using the Profiling Model in two depths to describe its spatial variability, (ii) correlate profiling resistivity values in the alluvial farm with its correspondent physical and chemical properties and (iii) produce the soil map of the studied farm by correlating ER units with their physical and chemical properties.
Material and Methods

Principals of electrical resistivity measurement
Electrical resistivity methods introduce an electrical current into the soil through current electrodes at the soil surface and measure the drop in current flow potential at inner electrodes. The Wenner array of electrode configuration was described by four electrodes placed at equal distances in a straight line. The outer two electrodes were working as the current or transmission and the inner two electrodes the potential or receiving ones ( Figure 1 ). Figure 1 . The flow of current and potential line in the measurement of soil electrical resistivity using the Wenner electrod arrayThe extent of electrical current penetration and the depth and volume of measurement depend on the inter electrode spacing. The larger the spacing the deeper the measurement and volume of measurement. The resistivity measured with the Wenner array (Burger, 1992) is:
One and two meters spacing between probes were chosen so as to detect metric contrasts in the soil properties at two depths (US-EPA, 2019). Soil resisitivity readings were converted to apparent resistivity using the relation:
With i=1,2m for each array and where I=is the injected current in mA, ΔV is the electrical potential difference (Volt) measured between electrodes Mi and Ni and the geometrical parameter for each array is:
Site description
The experimental western farm (EWF) in the Faculty of Agriculture, Cairo University at Giza was chosen for the present study. The geo-referenced coordinates of the investigated rectangle area (@ 6.1 hectares) were shown in Figure 2 . For the farm survey, GPS defined grid points of 40X40m were istalled. Data were acquired on the nodes of regular grids extended across an area of about 160 by 400m. At each point (40 nodes), resistivity was measured using 4-electrodes Wenner array in a line perpendicular to the path direction (Sudha et al., 2009 ). The readings were collected by a resistivity meter (KYORITSU-KEW-4106). All measurements (40 points) were geo-referenced using a Germin-550 differential GPS and recorded on a PC. Data preprocessing Data processing was simple and consisted of: i) Inversion of the apparent resistivity values (Ra) into true resistivity (Rt) using the IPI2win software, then ii) generating an iso-line distribution map of the inverted electrical resistivity data to report the spatial distribution of the true resistivity values. The maps were generated using the ArcGis Software (ESRI, 2011) . The results were presented in the form of two maps corresponding to the two targeted depths of soil layers. These maps represent the contribution of the cumulative soil volume, from the surface down to the two depths of investigation, 0.3, and 0.6m for arrays 1 and 2m, respectively.
Determination of soil properties
Ten taxa were identified from the resistivity maps. Composite disturbed soil samples were collected at two depths (0-30 and 30-60cm) to represent each soil resistivity taxa. The collected samples were analyzed for soil moisture content (Gardner, 1986 ) and electrical conductivity EC at a 1:2.5 soil:water ratio (Rhoades, 1982) . In addition, undisturbed soil samples for each resistivity taxa were collected to determine soil bulk density (Blake and Hartge, 1986) .
Results and Discussion
Soil resistivity values for the surface layers (0-30cm) and (30-60cm) were mapped using the ArcGis software (ESRI, 2011) and presented in Figure 3 . Kriging and Semivariogram Interpretation was conducted to find out the spatial dependency of the top soil (Nugget/sill, %), and the resultant output was presented in Table 1 . The weighted least square method was used to estimate the auto-and cross-variogram parameters (i.e., nugget, sill and range). Any soil property has strong spatial dependency if the ratio of nugget/sill is equal to or less than 25%, moderate spatial dependency if between 25 and 75%, and weak spatial dependency if greater than 75% (Cambardella et al., 1994; Sun et al., 2003) .
From figure 3 and Table 1 , it is clear that the spatial dependency of both topsoil and subsoil resistivity is moderate (48.4% and 68.6%, respectively). Gülser et al. (2016) stated that strong spatial dependency of soil properties is related to structural intrinsic factors such as texture and mineralogy, while random extrinsic factors such as dynamic moisture and porosity properties showed moderate or weak spatial dependency. Generally, a semi-variogram may reach its sill at a finite distance called the range. The range of the semivariogram represents the distance limit beyond which the data are no longer correlated, and it was found to be 137.3 m for the resistivity of the investigated topsoil. Eight soil taxa units were identified to cover the resistivity range between 4 and 24 Ohm.m were resulted from the krigged map. The soil physical properties of the composite soil samples representing the resistivity taxa units of both topsoil and subsoil were shown in Table 1 . The number of sampling sites represented 20% of the total grid points which were normally sampled in an ordinary soil survey. Simple regression analysis was developed between both apparent/true resistivities and each of the soil moisture content, EC and bulk density. Figure 4 represents the best fitting relationships for each property for both the top-and subsoils.
Highly significant negative correlations were recorded in the topsoil between apparent or true resistivity and soil moisture, EC or bulk density. The best fitting relationship models (Table 3 ) ranged between linear, power, logarithmic and exponential models. Weak or insignificant relationships were recorded in the subsoil. These findings indicated that the present array of soil resistivity measurement could be more useful for detecting topsoil variability efficiently. It is suggested future works could focus on the subsoil layer changing the array of soil resistivity measurement. Pandey (2015) observed that the resistivity of sandy soils decreased rapidly with an increase in the water/fluid content, but the rate of decrease dropped considerably for water contents over 10-12%. The relationships shown in Table 3 were in good agreement with a great number of studies. In literature, various models were proposed to describe the relationships between electrical resistivity and soil water content, temperature or salt content. Relationships between soil water content and electrical resistivity were measured in field and laboratory conditions and mostly through curvilinear models (Abidin et al., 2013; Ozcep et al., 2009 Ozcep et al., , 2010 . Kusim et al. (2013) showed that the electrical resistivity decreased significantly by increasing the salt content in the soil. 
Production of maps for soil properties
The models obtained were used to produce conjugated moisture, EC and bulk density maps. The regression equations were used to calculate the value of the soil moisture and salinity for each resistivity value of the 40 points of the investigated grid. The calculated moisture and EC values were used to produce conjugate soil moisture and soil-EC maps ( Figure 5 and 6 ). The spatial dependency of the top and subsoil moisture contents were moderate (47.5% and 60.4%, respectively), while it was for soil salinity 68.5% and 62.5%, respectively as shown in Table 1 . These maps could be used for better management of the farm irrigation system to reduce the uneven distribution of both soil moisture and salinity. Al-Omran et al. (2013) showed in their study on soil spatial variability that only TDS, ESP and OM had weak spatial dependency while other properties had moderate or strong spatial dependencies. Huntley (1986) and Michot et al. (2003) concluded that as the resistivity of the pore fluid increased (low salinity) or the porosity decreased, the electrical resistivity of the soil increased. Figure 6 . Soil salinity map of top-and subsoil as conjugated from their relevant soil resistivity maps
Conclusion
In conclusion, mapping of soil electrical resistivity for the surface layer (0-30 cm) could be used efficiently to express spatial variability of soil properties, especially moisture-salinity content and, to some extent, bulk density without digging. It saves time, effort and money for monitoring the variability of soil moisture and salinity. In addition, soil moisture and salinity maps could be easily produced from resistivity maps and used for soil irrigation management and soil salinity control. With the help of this electrical resistivity method for soil investigation, we can easily analyze the required properties of soil in agricultural fields without disturbing and removing soil samples from its natural condition. Therefore, it is recommended to use this easy mapping of soil electrical resistivity which can facilitate precision or digital agricultural practices, where the heterogeneity and variation of soil physical parameters in a field should be taken into consideration for a successful site specific management.
